Estimation of temperature distribution in tissues and organs is critically important for treatments such as hyperthermia, radiofrequency ablation and cryosurgery which expose malignant tissue to extreme temperatures that are different from the physiological temperature. Commonly, the bioheat equation, instead of heat conduction equation, is used for estimation to incorporate the effect of blood perfusion, because the heat transfer in tissues is significantly affected by blood perfusion in addition to thermophysical properties of tissues. Nevertheless, in many cases, the rate of blood perfusion is not available for human tissues and organs. This study therefore aims to examine if we can use the normal heat conduction equation with apparent thermophysical properties to take the effect of blood perfusion into account. Feasibility was checked by comparing the results obtained from the heat conduction equation and the bioheat equation. The result indicated that the simulation with the apparent thermal conductivity or specific heat capacity does not agree well with the temperature distribution inside a tissue with blood perfusion. However, the apparent thermal conductivity was useful to estimate the size of growing ice ball produced during cryosurgery.
Introduction
Prediction of temperature distribution in tissues and organs is important for medical treatments such as hyperthermia (Oleson et al., 1989) , radiofrequency ablation (Jain and Wolf, 2000) , high-frequency focused ultrasound (Maass-Moreno et al., 1996) and cryosurgery (Shurrab et al., 2016) , which induce a significant temperature change from the physiological state. However, precise data of thermal transport properties of human tissues are not available because of the lack of non-invasive technique for the measurement while the data measured in-vivo has been reported for animal tissues (Bowman, 1984; Newman and Lele, 1985) . Furthermore, thermal transport in tissues is significantly affected by blood flow. Hence for the estimation of temperature inside tissues, intrinsic thermophysical properties and the rate of blood perfusion are needed.
The Pennes bioheat equation was the first that took into account the contribution of blood flow to the heat transport in tissues to reproduce the measured temperature profile in a human forearm (Pennes, 1948) . The effect of blood flow in capillaries was incorporated into a heat source that includes the blood flow rate per unit volume of tissue as a parameter. The advantage of the Pennes model is that the perfusion term is simple and in proportion to the difference between the tissue temperature and the temperature of arterial blood that is assumed to be constant in the whole region (Diller et al., 1999; Valvano, 2006) . However, the model has some controversial issues from physical points of view. The blood perfusion term is based on the heat balance within the whole system and thus is inconsistent with the conduction term that is derived from a local control volume. Furthermore, the model aimed at expressing the effect of a microvascular system which was however demonstrated afterwards to be thermally insignificant (Chato, 1980) . These were the motivations of a number of subsequent studies that proposed different models for heat transport in living tissues. For example, Chen and Holmes divided the tissue into two parts, i.e. the part of thermally significant large blood vessels and the solid tissue part that includes the effect of isotropic small blood vessels (Chen and Holmes, 1980) . Weinbaum and Jiji proposed a model that incorporates the effect of counter-flow heat transfer between parallel artery and vein based on the anatomical observation Jiji et al., 1984; Weinbaum and Jiji, 1985) . The heat transport between a single vessel and surrounding tissue (Chato, 1980) or the heat transfer between parallel blood vessels (Lemons et al., 1987; Baish, 1990; Mooibroek and Lagendijk, 1991; Huang, 1996) were also examined.
Most of the models proposed after Pennes intended to incorporate the effect of thermally significant vessels that were neglected in the Pennes model. However, the models were much complicated than the original Pennes model and required much more information associated with the blood vessels and blood flow which is not available in many cases. In addition, the estimation from these models was not significantly different from the Pennes equation that was practically used for a rat liver (Valvano et al., 1984) and a pig kidney (Xu, 1991) . Consequently, the Pennes bioheat equation has still been used for a number of applications (Zhao et al., 2005; Dehghan and Sabouri, 2012; Shahnazari et al., 2013) assuming constant blood perfusion (Li et al., 2002; Zhao et al., 2007) or temperature-dependent perfusion rate (Sanyal and Maji, 2001; Gang et al., 2007) . However, in many cases for human tissues, even the blood perfusion rate is not available and is dependent on tissue types (Shitzer and Eberhart, 1985) .
Considering the fact that both intrinsic thermophysical properties and the rate of blood perfusion are not available in many cases, we came up with a new practical idea of using the apparent thermal properties in the heat conduction equation instead of solving the bioheat equation. This study therefore aims to examine the feasibility of the idea by comparing the result of solving the bioheat equation and the normal heat conduction equation expressed with the apparent specific heat capacity or the apparent thermal conductivity. The case examined in this study was freezing of tissue around a cryoprobe during cryosurgery. The case with no phase change was also examined for the same model. 
Nomenclature

Methods
The effect of blood perfusion was mainly examined with a simulation of cryosurgery as a potential application, where a tissue is frozen with a 1.5-mm-dia. cryoprobe that is uniformly cooled at the surface 32 mm from the tip (Fig. 1) . We solved the following Pennes bioheat equation taking freezing phenomena into account using an apparent heat capacity model (Shurrab et al., 2016) :
where (1) the effect of metabolic heat generation is negligible, (2) the tissue is considered as an isotonic sodium chloride aqueous solution, (3) freezing starts at −0.5°C (gs = 0) and completes at −21.1°C (gs = 1)
following the phase diagram in the equilibrium state with no diffusion, and (4) blood perfusion does not exist (b = 0) in the partially and completely frozen region. The thermophysical properties were estimated as a function of temperature taking into account the concentration of sodium chloride. The thermophysical properties of the partially frozen part (−21.1°C < T < −0.5°C) were treated as a mixture of pure ice and unfrozen liquid at the equilibrium mass fraction of sodium chloride (see (Shurrab et al., 2016) for the details). Based on our experiment (Shurrab et al., 2016 ) using a Joule-Thomson cryoprobe, CryoHit TM Needle I (Gallil Medical), we assumed a cooling curve at the surface of cryoprobe as a boundary condition (Fig. 2) . The solution was obtained for hypothesized thermal perfusion rate B (=ρbcbωb) at three different boundary conditions, i.e.
temperature change to 70C, 0C and 100C, which was obtained by the experiment at supplied gas pressures of 22.4 MPa, 25.2 MPa, and 27.4 MPa, respectively. To compare the temperature distribution with that simulated using Eq.
(1), we solved the following normal heat conduction equation with the hypothesized apparent thermal conductivity kap or the apparent specific heat capacity cap.
We did not examine the case of using both apparent thermal conductivity and apparent heat capacity. This is because there is no theoretical background for determining two parameters at the same time.
A commercial software (COMSOL Multiphysics) was used to obtain the numerical solution. Considering that a typical value of the blood perfusion rate B is 17 kW/(m 3 ·K) (ρb = 1000 kg/m 3 , ω = 0.005 1/s and cb = 3391 J/kg·K) in soft tissues in previous studies (Zhao et al., 2007; Duck, 1990; Seyde et al., 1985; Koehler et al., 1985) we assumed B as a parameter ranging from 0 to 50 kW/(m 3 ·K). The given apparent thermal conductivity and heat capacity were expressed by the ratio to that of tissue by ɛ (=kap/k) and  (=cap/c), respectively. Before simulation of freezing, two cases with no phase change were also examined to take an overview. One was the case where the probe temperature was suddenly decreased to 7 o C and the other was the case where the probe was uniformly heated at a constant heat flux. Figure 3 shows the temperature distribution around the probe at 600 s after the probe surface was cooled to 7 o C, and compares the effect of blood perfusion with that of apparent thermal conductivity ( Fig. 3(a) ) and apparent heat capacity (Fig. 3(b) ). At larger perfusion rate the temperature change becomes more significant near the probe. The increase of the heat capacity also narrows the thermally affected region, and the increase by a factor of four and nine has almost the same effect with the perfusion rate of 20 and 50 kW/(m 3 ·K), respectively. In contrast, the increase of the thermal conductivity reduces the temperature gradient and extends the thermally affected region. Hence the enhancement of heat transport by blood perfusion is not equivalent to the increase of the apparent thermal conductivity. The effect of blood perfusion and the apparent heat capacity, which was similar in Fig. 3 , was also examined for a given heat flux at the probe surface as the boundary condition. Figure 4 shows the temperature distribution after heating the probe at 10 kW/m 2 for a given value of blood perfusion and apparent heat capacity. The temperature at the surface increases due to heating at the constant heat flux. However, the blood perfusion suppresses the temperature increase and makes the temperature distribution approach a steady state earlier at higher perfusion rates. In contrast, without blood perfusion, the temperature keeps increasing and thus the heat penetrates deeper with time by heat conduction. Figure 5 shows the effect of blood perfusion, thermal conductivity and heat capacity on the radial temperature distribution at the middle of cold probe at 600 s after the start of cooling to ~90 o C. In all cases, the temperature gradient sharply changes at 0.5 o C at the edge of partially frozen region owing to the change of the thermal conductivity (see Appendix). However, the change is not clear at 21.1 o C where the tissue is completely frozen. The increase of blood perfusion makes the ice ball, i.e. the frozen region, smaller and the temperature gradient larger at the unfrozen region, which accordingly narrows the thermally affected region (Fig. 5(a) ). The increase of heat capacity has the similar effect on the temperature distribution (Fig. 5(c) ). In terms of the size of the ice ball, the effect of thermal conductivity is the same (Fig. 5(b) ). However, because the temperature gradient is higher at lower thermal conductivities, the temperature distribution at the unfrozen region is significantly different. (Fig. 6(b) ), the temperature distribution for given B and  agrees well with one another at 200 and 400 s inside the ice ball. It was also the case for the different probe temperatures at different gas pressures (data not shown). However, at the unfrozen region, the temperature does not agree well with one another particularly at 600 s. A significant difference is also found near the surface of ice ball, i.e. the position at 0.5 o C at 600 s.
Results
Cooling or heating with no phase change
Freezing
(a) B = 17 kW/(m 3 ·K) and  = 1.4 (b) B = 50 kW/(m 3 ·K) and  = 2.2 Fig. 6 Comparison of the temperature distributions for a given rate of blood perfusion and that for a specific apparent heat capacity.
The data shown in Fig. 6 for given B are compared with those obtained for a specific apparent thermal conductivity in Fig. 7 . In this case, the value of  was selected focusing only on the temperature inside the ice ball.
Although, the temperature distribution outside of the ice ball is not in agreement with one another, the temperature inside the ice ball for ɛ = 1.9 and 2.9 agrees well with that for B = 17 and 50 kW/(m 3 ·K), respectively, irrespective of time. ·K) also demonstrated that the temperature distribution inside the ice ball for a given B agrees well with that obtained with a specific value of . The value of  that gives the best-fit temperature distribution was constant irrespective of time as shown in Fig. 7 . We also determined the optimal value of  for different probe temperatures resulting from different gas pressures. Thus determined values are summarized in Fig. 8 . The optimum value of  is larger for larger B but is independent of the probe temperature resulted from different gas pressure. Fig. 8 The best-fit multiplier for apparent thermal conductivity as a function of blood perfusion rate. Figure 9 shows the comparison of the results for a given B and the best-fit  in terms of the growth of ice ball.
The radius of ice ball for B = 17 kW/(m 3 ·K) agrees with that for ɛ = 1.9 within 5 % difference at any gas pressure during the whole process of freezing. The results of B = 50 kW/(m 3 ·K) and ɛ = 2.9 also agrees with one another within 6 % difference irrespective of time and the gas pressure. Fig. 9 The growth of ice ball at a given rate of blood perfusion and a corresponding apparent thermal conductivity
Discussion
Taking the effect of blood perfusion into account is essential when dealing with heat transport in tissues or organs in vivo. The rate of blood perfusion b (1/s) in the bioheat equation is the volumetric rate of blood flow per unit volume of tissue, which is not a physical quantity measured using commercially available blood flowmeters. Therefore, the value of b is not available in many cases; particularly in human tissues. The motivation of the present study is therefore to use the normal heat conduction equation with apparent thermophysical properties instead of using the bioheat equation. Although this idea seems to be a practical and simple alternative to incorporate the effect of blood flow, as far as the authors know, no papers clearly showed the difference in the temperature distribution between those calculated from the heat conduction equation and the bioheat equation. The rate of heat transfer is obviously increased by blood perfusion. The higher thermal conductivity also makes the heat transfer rate higher for a given temperature difference. In the case of transient heat conduction, the heat transfer rate is higher at higher heat capacities. These are the reason why the thermal conductivity and the heat capacity were examined as the potential apparent thermophysical properties. However, in terms of the temperature distribution for a given probe temperature, increasing thermal conductivity reduces the temperature gradient, while increasing the blood perfusion has the opposite effect (Fig. 3(a) ). In contrast, the effect of increasing the heat capacity is similar to that of blood perfusion in the case where the probe temperature is changed to a given temperature (Fig. 3(b) ). However, it is not the case for the given heat flux condition (Fig. 4) . Consequently, the blood perfusion term in the bioheat equation cannot be replaced by the apparent thermal conductivity or the apparent heat capacity to estimate the temperature distribution.
However, the present study demonstrated a case where the apparent thermal conductivity is useful for taking the effect of blood perfusion into account. One of the most important issues in pre-operation planning of cryosurgery is predicting the size of the ice ball. This is why the freezing during cryosurgery was taken up for examination in the present study. If we are interested only in the size of the ice ball, we are able to incorporate the effect of blood perfusion by introducing the apparent thermal conductivity. A unique value of a multiplier to the original thermal conductivity was determined to predict the size of the growing ice ball for a given rate of blood perfusion irrespective of time and probe temperature. The successful result in the freezing case owes to the fact that no blood perfusion exists in the ice, which results in no difference in the thermophysical properties in the frozen part irrespective of blood perfusion in the tissue. Therefore, the increase of apparent thermal conductivity only influences the heat transfer from the surface of ice ball to the outside.
Another issue that is critically important in operating cryosurgery is estimation of a proper excess margin of the ice ball to completely destroy undesirable cancerous tissues. Cancer cells are necrotized when they are frozen at lower than their lethal temperature that is normally considered to be 20ºC or 40ºC depending on cell types (Chosy et al., 1997) . We therefore need to make the ice ball larger than the target with some excess margins at the ice periphery. However, too large a margin induces destruction of a large amount of healthy normal cells. On the contrary, insufficient margin could induce the recurrence of cancer. It is therefore important to estimate the proper margin for given conditions. By conducting experiments and a simulation for a tissue phantom with no blood perfusion, the authors have proposed a guideline for the safety margin that depends on the size of ice ball (Shurrab et al., 2016) . However, to make the guideline more reliable, we need to confirm that the temperature distribution inside the ice ball is almost independent of the blood perfusion. Figure 10 shows the temperature distribution inside the ice ball of the same size (~8 mm in radius) at different rate of blood perfusion. It should be noted that the results for different blood perfusion are those at different time because longer time is needed for producing the ice ball of the same size at larger rate of blood perfusion. It is obvious that the temperature distribution inside the ice ball agrees between different blood perfusion rates. Therefore, the guideline we have previously proposed about the safety margin is useful irrespective of the rate of blood perfusion. Consequently, the apparent thermal conductivity is also useful for determination of the safety margin.
In the present study, we determined the multiplier for the thermal conductivity in the heat conduction equation by comparing the temperature distribution inside the ice ball with that calculated from the bioheat equation. This was based on the hypothesis that the bioheat equation provides actual temperature distribution inside living tissues. However, there is only a few studies, including the first paper by Pennes (Pennes, 1948) , which measured temperature distribution in vivo. Therefore, we expect to have non-invasive methods for measuring temperature distribution in living tissues, which definitely contributes to medical treatments.
Measurement of thermophysical properties of living tissues is essential even if their apparent values work for including the effect of blood perfusion. However, this is actually difficult because non-invasive technique is required for in-vivo measurement particularly for human tissues. This is one of the motivations of our study that proposed apparent thermophysical properties for practical use. We can use the multiplier defined in this study together with thermophysical properties that have been measured in vitro by conventional methods with 'dead' tissues. However, estimation of the multiplier is still needed based on experiments. One of the ways proposed here is to determine from real cryosurgeries. In the state-of-the-art cryosurgery, the ice ball is monitored in-situ using MRI. Therefore, in the similar way as this study, the apparent thermal conductivity can be determined from the size of ice ball collected from these clinical data. We can thus accumulate data of apparent thermal conductivity for a variety of tissues and organs. The database will be useful for prediction of ice ball or the safety margin in many facilities even with little experience of cryosurgery. The advantage of using apparent thermal conductivity is that we can use most commercially available software to solve the heat conduction equation instead of the bioheat equation that is not included in many cases. Fig. 10 The radial temperature distribution inside an ice ball of the same radius at different blood perfusion
Conclusions
The effect of blood perfusion that is taken into account in the bioheat equation cannot be expressed by the apparent thermal conductivity or the apparent heat capacity in general for the purpose of estimating the temperature distribution in tissues. However, the apparent thermal conductivity is useful for estimation of the size of ice ball produced in cryosurgery. The apparent thermal conductivity is uniquely determined for a given rate of blood perfusion irrespective of probe temperature and time, and increases with the blood perfusion rate. For practical use, the value of apparent thermal conductivity is to be determined from measured size of the ice ball
